The influenza A/fowl plague virus/Rostock/34 hemagglutinin (HA), which is cleaved intracellularly and has a high pH threshold (pH 5.9) for undergoing its conformational change to the low-pH form, was expressed from cDNA in CV-1 and HeLa T4 cells in the absence of other influenza virus proteins. It was found, by biochemical assays, that the majority of the HA molecules were in a form indistinguishable from the low-pH form of HA. The acidotropic agent, ammonium chloride, stabilized the accumulation of HA in its native form. Coexpression of HA and the homotypic influenza virus M2 protein, which has ion channel activity, stabilized the accumulation of HA in its pH neutral (native) form, and the M2 protein ion channel blocker, amantadine, prevented the rescue of HA in its native form. These data provide direct evidence that the influenza virus M2 protein ion channel activity can affect the status of the conformational form of cleaved HA during intracellular transport.
The influenza A virus M, integral membrane protein (31, 33) is minimally a homotetramer (21, 57) that is abundantly expressed at the surface of virus-infected cells but is a relatively minor component of virions (63) . The M2 protein has been proposed to function as an ion channel that permits ions to enter the virion during uncoating and also to act as an ion channel that modulates the pH of intracellular compartments (18, 57) . Direct evidence that the M2 protein has ion channel activity was provided by expressing the M2 protein in oocytes of Xenopus laevis and measuring membrane currents. It was found that the M2 ion channel activity is blocked by the anti-influenza virus drug amantadine hydrochloride and that the channel activity is regulated by changes in pH, with the channel being activated at the lowered pH found intralumenally in endosomes and the trans-Golgi network (TGN) (46, 60) .
Influenza virus particles are internalized into cells by receptor-mediated endocytosis. After exposure of virions to low pH in endosomal compartments, the hemagglutinin (HA) undergoes a low pH-induced conformational change which releases the hydrophobic fusion peptide, mediating the fusion of the viral membrane with the endosomal membrane (reviewed in references 29 and 61). The consequence of this membrane fusion event is that the viral ribonucleoproteins are released into the cytoplasm. Amantadine blocks an early step in virus replication between the steps of virus penetration and uncoating (5, 23, 53) , and recent findings suggest that in the presence of the drug, the influenza membrane (matrix) (Ml) protein fails to dissociate from the ribonucleoproteins (38) . It is generally believed that once a virion particle has been endo-t Present address: Department of Viral Disease and Vaccine Control, National Institute of Health, 4-7-1, Gakuen, Musashi-murayama, Tokyo 208, Japan. cytosed, the ion channel activity of the virion-associated M, protein permits the flow of ions from the endosome to the virion interior to disrupt protein-protein interactions and free the ribonucleoproteins from the M, protein (reviewed in references 18, 20, 37, and 52).
The HA polypeptide chain is synthesized on membranebound ribosomes and is translocated into the endoplasmic reticulum. Core carbohydrate chains are added, and HA oligomerizes to form a trimer (t,12, -7 to 10 min) (14) . As HA is transported through the exocytotic pathway to the plasma membrane, its carbohydrate chains are trimmed, and by the time of HA transport to the medial Golgi apparatus, some carbohydrate chains are terminally glycosylated (reviewed in reference 28) . HA is synthesized as a precursor, HA,), that is proteolytically cleaved to form the disulfide-linked subunits HA, and HA2. This cleavage event is the first step in the pathway that permits HA to undergo its conformational change at low pH converting native HA to its fusogenic form. Thus, cleavage of HA is a key determinant for infectivity and pathogenicity (25, 35) . For those influenza virus subtypes that contain the appropriate multi-basic amino acids at the cleavage site (largely H5 and H7 avian and equine subtypes) (24, 43) , the HA0 precursor is cleaved in the TGN by furin, a subtilisinlike endoprotease (55) . On the other hand, human strains of influenza virus contain a single basic residue in the cleavage site, and when grown in tissue culture or in ovo, cleavage of HA occurs after HA is expressed at the cell surface.
In addition to the early effect of amantadine on influenza virus replication described above, for (6, 7, 15, 16, 56 NcoI site. In the final constructions, the HA and the M2 cDNA are under control of the T7 promoter.
To express the HA and the M2 proteins by using the vac-T7 system, 3.5-cm dishes of subconfluent monolayers of HeLa T4 cells were infected with vaccinia virus vTF7.3 for 30 min and transfected with pTM3 recombinant plasmids with calcium phosphate as described previously (12) . Cultures were incubate for 5 h at 37°C in a 5% CO2 atmosphere.
Endo H digestion. CV-1 cells were infected with SV40-HA recombinant virus. At 48 h postinfection (p.i.) cultures were incubated in DMEM deficient in cysteine and methionine (DMEM Met-/Cys-) for 30 min, labeled for 10 min with Tran[35S] label (100 RCi/ml) in DMEM Met -/Cys -, and incubated in chase medium (DMEM, 2 mM methionine, 2 mM cysteine) for various times. HA protein was immunoprecipitated with a rabbit antibody prepared against disrupted FPV (kindly provided by Hans-Dieter Klenk) and protein A-Sepharose beads, and the recovered HA protein was digested with 1 mU of endo H (endo-,B-N-acetylglucosaminidase H) for 18 h as described previously (45) .
Proteinase digestion of immature and low-pH form of HA. To radiolabel proteins, cells infected with SV40 recombinant virus or infected and transfected by using the vac-T7 expression system at 48 or 5.5 h p.i., respectively, were washed twice with DMEM Met-/Cys-. Then, the medium was replaced with pH-labeling medium (methionine-and cysteine-deficient minimal essential media [MEM] containing a low concentration of NaHCO3 [0.35 g/liter] and 25 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid]) with the pH adjusted to a stated pH, ranging from pH 6.5 to 8.5, and the cultures were incubated for 30 min with or without C02, depending on the pH. The cells were labeled with Tran[35S] label (100 ,uCi/ml) in pH-labeling medium for 10 min. Then, the medium was replaced with pH-chase medium (DMEM containing a low concentration of NaHCO3 [0.35 g/liter] and 25 mM HEPES) and adjusted to a stated pH, ranging from pH 6.5 to 8.5, and the cells were incubated at 37°C for 60 min with or without C02, depending on the pH. To minimize pH fluctuations during the starvation, labeling, and chase periods, cells were incubated in a 5% CO2 atmosphere for pHs below 7.0 and without CO2 for pHs above 7.5. After chase periods, cells were washed with phosphate-buffered saline (PBS) and lysed in 500 [lI of 50 mM Tris-HCl (pH 7.4)-0.1% sodium dodecyl sulfate (SDS)-1% Nonidet P-40 (34) , and lysates were clarified by centrifugation (14,000 x g, 10 min) and incubated with (+) or without (-) 50 ,ug of proteinase K or TPCK (tolylsulfonyl phenylalanyl chloromethyl ketone)-treated trypsin per ml for 60 min at 30°C. Proteinases were inactivated by the addition of an equal volume of 2 x radioimmunoprecipitation buffer containing 200 ,ug of soybean trypsin inhibitor per ml, 1% aprotinin, and 1 mM PMSF (phenylmethylsulfonyl fluoride). Lysates were immunoprecipitated with an anti-FPV polyclonal antiserum, and the polypeptides were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE).
Dithiothreitol dissociation of HA, from the low-pH form of HA. HeLa T4 cells were infected with the vaccinia recombinant virus vTF7.3 and transfected with pTM3 recombinant plasmids, and at 5 h posttransfection the cultures were incubated with pH-labeling medium (pH 6.9) for 30 min. Cells were metabolically labeled with Tran[35S] label (100 ,uCi/ml) in pH-labeling medium (pH 6.9) for 2 h, and then the cells were washed twice with PBS and incubated in PBS containing 20 mM dithiothreitol for 10 min at room temperature. Supernatants were collected and clarified by centrifugation (14,000 x g, 4°C, 10 min), mixed with an equal volume of 2 x radioimmunoprecipitation buffer, and further clarified by centrifugation (100,000 x g, 4°C, 10 min). HA was immunoprecipitated from lysates with an anti-FPV polyclonal antiserum, and polypeptides were analyzed by SDS-PAGE.
Immunoprecipitation and SDS-PAGE. Samples were analyzed by SDS-PAGE on 17.5% polyacrylamide gels plus 4 M urea or 10% polyacrylamide gels and processed for fluorography and autoradiography as described previously (30) . Radioactivity was quantitated by using a phosphorimager (Molecular Dynamics, Inc., Sunnyvale, Calif.).
Immunofluorescence. For indirect surface immunofluorescence, HeLa T4 cells were transfected with Lipofectin (Life Technologies, Gaithersburg, Md.) to avoid calcium phosphate precipitate interference. Indirect immunofluorescence was done as described previously (33) .
RESULTS
Kinetics of intracellular transport and protease sensitivity of FPV Rostock HA expressed from cDNA. The HA cDNA clone of influenza virus A/chicken/Germany/34 (H7N1) (FPV Rostock) (26, 27, 47, 59 ) was expressed in CV-1 cells by using an SV40-HA recombinant virus. To confirm that HA was expressed and transported through the exocytotic pathway, the rate of transport of HA to the medial Golgi (56) . To address further the notion that the reduced accumulation of HA1 observed in many pulse-chase experiments when HA is expressed alone in the absence of a functional M2 protein is related to a low pH environment to which HA is exposed after cleavage in the TGN, CV-1 cells expressing HA were incubated with 2 mM NH4Cl before, during, and after the pulse-label. As shown in Fig. 2 , incubation with 2 mM NH4Cl dramatically increased the amount of HA, that accumulated at 60 min and rendered the species resistant to proteinase K digestion (cf. control versus 2 mM NH4Cl at 60 min, with and without proteinase K treatment). Thus, taken together the data shown in Fig. 1B and 2 suggest that when HA is expressed in CV-1 cells in the absence of a functional M2 protein, -85% of HA after cleavage is converted to the low-pH conformation. expressed, we observed that at 60 min after the pulse-label, HA, was not as proteinase K sensitive (data not shown) as that shown in Fig. I B and Fig. 2 (control) . In considering technical aspects of the protocol, it seemed quite likely that variation in the pH of the bicarbonate-buffered chase medium could affect the outcome of the experiment. To investigate the effect of extracellular pH on the proteinase K sensitivity of HA, CV-1 cells were infected with SV40-HA, at 48 h p.i. were incubated in a specially buffered pH-labeling medium (see Materials and Methods) at a stated pH (ranging from pH 6.5 to 8.5) for 30 min, labeled with Tran[35S]-label for 10 min, and incubated in pH-chase medium (see Materials and Methods) for 60 min. Then, the HA polypeptides were immunoprecipitated and analyzed by SDS-PAGE. As shown in Fig. 3 , changing the extracellular pH had a marked effect on the conversion of HA to the low-pH conformation as measured by susceptibility of HA, to digestion by proteinase K. As the medium became more alkaline (pH >7.5), the amount of HA found in the low-pH conformation was greatly reduced. Thus, the simplest explanation of these observations is that in tissue culture cells, the extracellular pH can influence intracellular pH.
Coexpression of FPV Rostock HA and M2 protein to rescue the HA native form. The SV40-HA recombinant virus stock infected -70% of the cells, and an SV40 recombinant virus stock that expresses the FPV Rostock M2 cDNA also infected -70% of the cells (data not shown). However, it seemed likely that the opportunity to observe changes in the amount of HA in the low-pH form would be enhanced if there was a high probability of coexpression of HA and M2. Thus, the FPV Rostock HA cDNA and the FPV Rostock M, cDNA were subcloned into the pTM3 vector (41 and M2 at the surface of cells, when expressed by the vac-T7 system, indicated that >95% of the cells expressing one DNA also expressed the second DNA (Fig. 4b) .
To examine the ability of M2 to restore HA to its native form, vTF7.3-infected HeLa T4 cells were transfected with 5 p,g of pTM3-HA and various amounts of pTM3-M2 DNA (0 to 5 ,ug): the total amount of DNA transfected was adjusted to 10 ,ug by the addition of pTM3 DNA. At 5 h posttransfection, cells were labeled with Tran[35S] label for 10 min and incubated in pH-chase medium (pH 6.9) for 60 min to allow for intracellular transport of HA, a treatment which caused the conversion of the majority of HA to the low-pH form (Fig. 3 ). Cells were lysed and treated with and without proteinase K, and HA and M2 were immunoprecipitated and analyzed by SDS-PAGE. An increasing gradient of M2 polypeptide expression (accumulation) that correlated in an approximately linear manner with the amount of pTM3-M2 DNA transfected was observed (data not shown). Expression of HA by using the vac-T7 system and a 10-min labeling and 60-min chase protocol caused HAO to migrate as two species (Fig. 5 and 6 (Fig. 5, lane 0) . When greater amounts (1 to 5 p,g) of pTM3-M2 DNA were transfected, large amounts of HAO accumulated. The conformational form of this HAO will be the subject of another study; but the sensitivity of HAO to proteinase K digestion (Fig. 5, lanes 1 + and 5+ ) and its continued sensitivity to endo H digestion (data not shown) suggest that high levels of M2 expression alter normal folding or oligomerization and, in turn, affect intracellular transport from the endoplasmic reticulum. At the present time, it is not known whether this effect is due to the M2 protein ion channel activity or is a consequence of overexpression of integral membrane proteins. Even in the absence of M2 expression, after 60 sensitive to proteinase K digestion ( Fig. 3 and 5) , and as described previously, these HA molecules probably represent the -5 to 10% of HA molecules that are malfolded and fail to be transported out of the endoplasmic reticulum (14; reviewed in reference 11). Because of the deleterious effect of transfecting large quantities of pTM3-M2 DNA, in all experiments described below the amount of pTM3-M2 DNA transfected was kept at or below 0.2 ,ug per 3.5-cm-diameter culture dish.
Amantadine prevents rescue of the native form of HA on coexpression of HA and M2. To confirm that the rescue of the native form of HA by coexpression of M2 was due to the ion channel activity of the M2 protein, the M2 channel blocker amantadine (46) min and incubated for 60 min in pH-chase medium (pH 6.9), and HA was immunoprecipitated and analyzed by SDS-PAGE. As shown in Fig. 6 , when HA was expressed alone, amantadine had no effect on the level of HA expression or on its sensitivity to proteinase K digestion. However, when HA and M2 were coexpressed, amantadine treatment reversed the effect of M2 expression on stabilizing HA in its native form and caused most HA to adopt its low-pH conformation. Thus, these data indicate that the ion channel activity of the M2 protein per se prevents HA from undergoing its conformational change to the low-pH form.
Reductive dissociation of HA, as an assay for the low-pH conformation of HA. To confirm the data obtained by using proteinase K sensitivity as an assay for the low-pH conformational form of HA and the effect of M2 coexpression in stabilizing the native form of HA, the reductive dissociation of HA1 (17) was also used. Cells expressing HA or HA and M2
were labeled with Tran[35S] label for 2 h and incubated in PBS containing 20 mM dithiothreitol. Supernatants were collected, and HA was immunoprecipitated and analyzed by SDS-PAGE. pTM3-HA or pTM3-HA and 0.2 jig pTM3-M2, and the total DNA amount was adjusted to 10 jig per dish with pTM3 vector DNA. Cells were treated with (+) or without (-) 10 oM amantadine (ama) for 2 h prior to metabolic labeling and maintained in all subsequent medium changes. Cells were radioactively labeled and treated with proteinase K, and HA was analyzed as described in the legend to Fig. 5. As shown in Fig. 7 
DISCUSSION
The role of the influenza virus M2 protein in regulating intracompartmental pH during transport of HA through the TGN had been studied previously in influenza virus-infected cells (6, 16, 56) . In the absence of functional M2 protein ion channel activity (due to amantadine block), it has been estimated that HA is exposed to pH 5.2 in chick embryo fibroblasts and pH 5.6 (39) . HA oligomerization occurs in a pre-Golgi compartment (9), and thus it seems possible that when M2 protein is expressed at high levels there is a sufficient population of molecules in transport through the exocytotic pathway to alter the intracellular pH of pre-Golgi compartments: this remains to be rigorously tested. However, the deleterious effect of overexpression of the M2 protein shown here may, in part, explain the tight control of splicing of the precursor M1 mRNA to form the M2 mRNA which is observed in influenza virus-infected cells (22, 32, 58) .
Considerable evidence that suggests the Rostock M2 ion channel can raise the intralumenal pH of the TGN to a pH higher than that achieved by the Weybridge M2 ion channel (15) 
